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Abstract
Objectives The aim of this ex vivo study was to assess the
performance of monoenergetic dual-energy CT (DECT) re-
constructions to reduce metal artefacts in bodies with ortho-
pedic devices in comparison with standard single-energy CT
(SECT) examinations in forensic imaging. Forensic and clin-
ical impacts of this study are also discussed.
Materials and methods Thirty metallic implants in 20 consec-
utive cadavers with metallic implants underwent both SECT
and DECT with a clinically suitable scanning protocol. Ex-
trapolated monoenergetic DECT images at 64, 69, 88, 105,
120, and 130 keV and individually adjusted monoenergy for
optimized image quality (OPTkeV) were generated. Image
quality of the seven monoenergetic images and of the corre-
sponding SECT image was assessed qualitatively and quanti-
tatively by visual rating and measurements of attenuation
changes induced by streak artefact.
Results Qualitative and quantitative analyses showed statisti-
cally significant differences between monoenergetic DECT
extrapolated images and SECT, with improvements in diag-
nostic assessment in monoenergetic DECT at higher
monoenergies. The mean value of OPTkeV was 137.6±4.9
with a range of 130 to 148 keV.
Conclusions This study demonstrates that monoenergetic
DECT images extrapolated at high energy levels significantly
reduce metallic artefacts from orthopedic implants and im-
prove image quality compared to SECTexamination in foren-
sic imaging.
Keywords Dual-energy computed tomography .
Monoenergetic extrapolation .Metallic artefact reduction .
Forensic imaging . Post-mortemCT
Introduction
Imaging techniques have been widely introduced in forensic
investigations, with post-mortem computed tomography
(PMCT) and post-mortem magnetic resonance (PMMR) be-
ing the methods of choice [1–6]. One of the most important
advantages of PMCT against PMMR examinations is the op-
timal visualization of skeletal structures with the possibility of
2D and 3D reconstructions that offer a panoramic view of
isolated bones and of the entire skeleton. Performing whole-
body PMCT is considered mandatory in cases of fatal trauma
or of suspected orthopedic malpractice [7–10]. Moreover, the
comparison of ante-mortem and post-mortem CT data sets has
a role in personal identification [11].
Nevertheless, PMCT diagnostic capabilities are signifi-
cantly limited by metal artefacts originating from metal ob-
jects, such as orthopedic implants [12]. In the presence of
metal objects, the artefacts from quantum noise, beam hard-
ening, and scattered radiation [13–15] can markedly impair
proper visualization of the implant itself, the implant–bone
interface, the bone, and the surrounding soft tissue.
Various methods have been proposed for reducing metal
artefacts and improving image quality in CT examinations,
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and these are based mainly on adjustments of CT acquisition
or post-processing algorithms [12, 16–26].
In recent years, dual-energy CT (DECT) has been intro-
duced in clinical musculoskeletal imaging as a viable method
for reducing metal artefacts by means of both acquisition and
reconstruction capabilities [27].
In DECT, two CT datasets are acquired with different X-
ray spectra by switching the voltage of one X-ray tube or by
running two tubes at different voltages. Several technical ap-
proaches have been proposed that include sequential acquisi-
tion, rapid voltage switching, dual-source CT (DSCT), layer
detector, quantum-counting detector. The two obtained data
sets can be used to extrapolate monoenergetic image recon-
structions, related to a specific energy level [27]. Extrapolat-
ing images at specifically higher monoenergetic levels has
been proven to better reduce metallic artefacts than lower
monoenergetic levels [27].
Image quality for identification purposes can be improved
in patients with extensive dental restoration [28]. Although
promising, monoenergetic DECT has only scarcely been used
in the forensic field.
In this ex vivo study, for the first time monoenergetic
DECT reconstructions of skeletal segments with different me-
tallic orthopedic devices were compared with real standard
single-energy CT (SECT) images performed on the same
post-mortem study population with equal, clinically suitable,
radiation doses. The aim of the study was to investigate the
ability of DECT techniques to reduce metal artefacts in post-




This prospective study was approved by both our institutional
review board and the responsible justice department.
A total of 30 internal metallic implants in 20 consecutive
cadavers (nine males and 11 females, mean age 74±15 years,
range, 43–92 years) that were delivered to our institute for
forensic investigation, including PMCT examination, were
included into this study between February and May 2014
(Table 1). Inclusion criterion was the evidence of prior im-
plantedmetal devices and exclusion criterion was the presence
of major alterations of the soft tissues near the implant (for
example those due to putrefaction, laceration, infection).
CT data acquisition
All examinations were performed on a dual-source CT
(Somatom Definition Flash, Siemens Medical, Forchheim,
Germany).
In both single-energy CT (SECT) and dual-energy CT
(DECT) scans, the tube currents were manually selected in
each examination to keep the volume CT dose index fixed at
20.0 mGy, being similar to that applied in clinical CT scans of
the skeletal system. Actually, the dose of 20.0 mGy for ex-
tremities is slightly higher than that used in the routine clinical
practice for this anatomical region. Nevertheless, in this study,
it was chosen to use the same dose for each CT examination
and body district in order to obtain more homogeneous and
comparable images. Moreover, the low radiosensitivity of the
extremities should be taken into account. For SECT acquisi-
tions, the following parameters were chosen: slice acquisition
Table 1 Types of metal









4. Tibial plate and screws
5. Hip prosthesis
6. Humeral head screw
7. Humeral plate and
screws
8. Tibial screw
9. Tibial plate and screws
10. Hip prosthesis






16. Gamma nail osteosynthesis
17. Knee prosthesis
18. Pedicle screws after
spondylodesis
19. Tibial screws








26. Femoral plate and screws
27. Hip prosthesis
28. Hip prosthesis
29. Humeral plate and screws
30. Gamma nail
osteosynthesis
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32×1.2 mm, pitch 0.5, rotation time 0.5 s, tube voltage 120
kVp, tube current-time 297 mAs/rotation. DECT scans were
performed with the following parameters: slice acquisition 2×
32×0.6 mm, pitch 0.5, rotation time 0.5 s, and a tube voltage
pair of 100 and 140 kVp for tube A and tube B, respectively. A
tin filter was applied to tube B for better energy spectrum
separation [29]. Tube current-time products for DECT were
211 mAs/rotation for both tubes.
CT image reconstruction and analysis
SECT and DECT datasets were reconstructed with a slice
thickness of 1.5 mm and an increment of 1 mm using a fixed
field of view (FoV) of 200 mm (image matrix 512×512), and
two convolution kernels, B60f and D30f, to optimize the pro-
tocol for the assessment of bony structures and soft tissue,
respectively.
Post-processing of DECT data sets was performed using
commercially available software (syngo, software VA31,
monoenergetic application) installed on a Leonardo worksta-
tion (Siemens HealthCare, Forchheim, Germany). This soft-
ware is able to extract the monoenergetic images at arbitrary
photon energies ranging from 40 to 190 keV. Then, DECT
reconstructions performed with the sharpest kernel were used
to obtain six monoenergetic data sets at 64, 69, 88, 105, 120,
and 130 keV and at the optimized keV value (OPTkeV),
which was manually selected from a possible range of
monoenergies from 40 to 190 keV (Figs. 1 and 2). In partic-
ular, the OPTkeV was chosen such that images showed the
fewest streak artefacts and best image quality. The three ener-
gy levels (64, 69, and 88 keV) were selected because they
matched the mean energies of the respective standard 120-
kVp, 140-kVp, and tin-filtered 140-kVp spectra. The
monoenergy values of 105, 120, and 130 keV were chosen
based on previous studies on metallic implants in various
body parts [30–32].
For all imaging analyses, standard bone window settings
(width 1900 Hounsfield Units - HU, center 500 HU) were
used by default.
First, from the SECT dataset, one single slice with the
thickest area of the metallic implant and the most pronounced
streak artefacts was selected in axial plane images.
Corresponding axial images of monoenergetic DECT
datasets at 64, 69, 88, 105, 120, and 130 keV and at OPT
keV were identified in the same z-position.
Then, two radiologists with 3 and 18 years of experience in
musculoskeletal imaging (L.F. and N.M., respectively), and
12 years of experience in forensic radiology (L.F.), and who
were blinded to each other’s qualitative assessments, assessed
the artefacts in these seven selected images and the corre-
sponding SECT image. For the qualitative analysis, the two
observers rated the degree of artefacts and overall image qual-
ity using a four-point Likert scale: (1) absence of artefacts and
excellent image quality with full diagnostic interpretability;
(2) minor artefacts and good image quality with confident
diagnostic interpretability; (3) significant artefacts and limited
image quality with impaired diagnostic interpretability, but
still suitable for diagnostic purposes; (4) massive streak arte-
facts and markedly reduced image quality, with abolished di-
agnostic interpretability.
Then, to perform a quantitative analysis of the artefacts, the
density (Hounsfield Unit value – HU) of the most marked
streak artefact in the one SECT image and the seven
monoenergetic DECT reconstructions was calculated. The
measurement was performed by using a circular region of
interest (ROI), of approximately the same size in both SECT
Fig. 1 Examples of images from a patient with tibial plate and screws
(case 9). Images from SECT scan and DECT extrapolated datasets at 64,
69, 88, 105, 120, 130, and optimized keV (OPTkeV, corresponding to
136 keV) are shown at an identical axial level and at the same standard
bone window (width 1900 HU, center 500 HU). Note that the image
quality improves at higher DECT monoenergies compared with the
SECT image with the possibility of differentiating the bone–metal
interface at 120 and 130 keV, and at OPTkeV. A better reduction of
artefacts can be recognized in the SECT image with respect to the
corresponding monoenergetic DECT image (i.e., extrapolated at 64 keV)
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and DECT images, that was placed within the hypodense
streak area adjacent to the metallic implant, and far from the
edge of the artefacts in order to avoid spurious results. In
addition, a reference density measurement was obtained by
placing a ROI in an area containing fat and muscle located
far from the hypodense streak of artefact and thus not affected
by the artefact. The artefact intensity was calculated by
subtracting the streak density from the reference density. The
quantitative analysis was performed by a single observer
(L.F.), who repeated the measurements after 1 month to assess
intra-observer variability.
Statistical analysis
Quantitative variables are expressed as mean±standard devi-
ation and categorical variables as frequencies or percentages.
Inter-reader agreements of qualitative parameters (i.e., de-
gree of artefacts and overall image quality) were analyzed
with weighted kappa statistics. According to Landis and
Koch, kappa values of 0.61–0.80 were interpreted as substan-
tial, and 0.81–1.00 as excellent agreement [33].
To compare the image quality between the different
monoenergetic images (64, 69, 88, 105, 120, and 130 keV
and OPTkeV) and the SECT images the Mantel–Haenszel
χ2-test was carried out. In addition, Cramer’s V correlation
coefficient was used to analyze associations between image
quality with the different keV (DECT) and kVp (SECT)
settings.
Pairwise comparisons of the qualitative assessment of arte-
fact scores and CT attenuation values of artefacts between the
datasets (64, 69, 88, 105, 120, and 130 keV and OPTkeV)
were carried out using Wilcoxon signed-rank test.
Intra-reader agreement of quantitative analyses of CT num-
bers of artefacts and reference tissue were analyzed with intra-
class correlation coefficients (ICC). ICC values were
interpreted as follows: poor (ICC<0.69), fair (ICC=0.70–
0.79), good (ICC=0.80–0.89), or high (ICC>0.90) [34].
Related-samples Friedman’s analyses were used to com-
pare quantitative CT numbers of artefacts and reference tis-
sues between the different datasets (64, 69, 88, 105, 120, and
130 keV, OPTkeV, and SECT).
A two-tailed p value<0.05 was considered statistically sig-
nificant. Statistical analyses were performed using commer-
cially available software (IBM SPSS Statistics, Version 21.0.
Armonk, NY: IBM Corp.
Results
Qualitative analysis
The inter-reader agreement for qualitative assessment of de-
gree of artefacts and overall image quality with the four-point
Likert scale was excellent (0.933, p<0.001). In both readers
(R1 and R2), the median image quality score was significantly
(p < 0.001 for both) different between SECT and
monoenergetic DECT images at 64, 69, 88, 105, 120, and
130 keV, and at OPTkeV. The median image quality score
was the same in R1 and R2 for 64 keV (4.0), 69 keV (4.0),
88 keV (3.0), 105 keV (2.0), 130 keV (1.0), SECT (3.0) and
OPTkeV (1.0), and was only different in 120 keV (R1: 1.5 and
R2: 1.0). The image quality improved at higher DECT
monoenergies compared with the SECT images (R1: V=
0.526, R2 V=0.536; p<0.001 for both). In pairwise compar-
isons, OPTkeV data sets of both readers showed a
Fig. 2 Representative images in a patient with posterior spinal fusion
implants of the lumbar spine (case 18). Images from SECT scan and
DECT extrapolated datasets at 64, 69, 88, 105, 120, 130, and optimized
keV (OPTkeV, corresponding to 138 keV) are shown at an identical axial
level and at the same standard bone window (width 1900 HU, center 500
HU). SECT and monoenergetic DECT extrapolations at 64 and 69 keV
show the worse image quality with marked streak artefacts. Decreasing
streak artefacts are seen at increasing extrapolated monoenergies from
DECT data at 88, 105, 120, and 130 keV, and at OPTkeV with the
possibility of correctly visualizing the bone–metal interfaces
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significantly lower (i.e., better image quality) median image
quality score compared with data sets of 64, 69, 88, 105, and
120 keV and SECT (p<0.05 for both). No significant differ-
ence was found between OPTkeVand 130 keV (p=0.317 for
both). In pairwise comparisons, SECT data sets of both
readers showed a significantly lower median image quality
score compared with data sets of 64 and 69 keV (p<0.001
for both). No significant difference was found between SECT
and 88 keV (R1: p=0.180; R2: p=0.317). SECT data sets of
both readers showed a significantly higher median image
quality score (i.e., worse image quality) compared with data
sets of 105, 120, and 130 keV and OPTkeV (p<0.001 for
both).
Quantitative analysis
For intra-reader agreement analysis, CT number measure-
ments were significantly correlated (p<0.001) with ICCs
demonstrating excellent agreement (ICC=0.977). Hence,
mean measurements were taken for further calculations. The
results of the quantitative analysis are shown schematically in
Fig. 3.
CT numbers of artefacts were significantly (p<0.001) dif-
ferent between all data sets (SECT, monoenergetic images at
64, 69, 88, 105, 120, and 130 keV, and at OPTkeV). In con-
trast, CT numbers of the reference tissue did not differ be-
tween the datasets (p=0.851). The mean value of OPTkeV
was 137.6±4.9 with a range of 130–148 keV.
The mean HU attenuation values of streak artefacts were
−608±274, −535±279, −312±228, −207±220, −153±216,
−126±214, −327±240 and −104±203 for 64, 69, 88, 105,
120, and 130 keV, SECT, and OPTkeV, respectively.
Pairwise comparisons demonstrated significant (p<0.001,
each) higher CT numbers (i.e., reduction of streak artefact
density) in OPTkeV compared to all other datasets (64, 69,
88, 105, 120, and 130 keV and SECT).
Pairwise comparisons demonstrated significantly higher
CT numbers in SECT compared to 64 and 69 keV but signif-
icantly lower CT numbers in SECTcompared to 105, 120, and
130 keV and OPTkeV.
No statistical significant differences were found between
88 keVand SECT images (p=0.318)
Discussion
Even if we consider the ex-vivo study by Guggenberger [35],
who investigated the optimal monoenergetic DECT settings
for artefact reduction of posterior spinal fusion implants in
phantoms, this is the first study on cadavers in this field of
investigation. As a consequence, in this ex vivo study, for the
first time for different skeletal segments and metallic orthope-
dic devices, a real comparison between SECT and extrapolat-
ed monoenergetic DECT datasets could be performed.
In fact, in similar previous clinical studies [30–32], the
performance of DECT technology in reducing metallic arte-
facts was not tested in comparison with real SECT, for
Fig. 3 Box plots show the CT
numbers of streak artefacts with
respect to datasets of SECT,
monoenergetic extrapolation of
DECT data at 64, 69, 88, 105,
120, and 130 keV and optimized
keV (OPTkeV). CT numbers of
artefacts were significantly
(p<0.01) different between
datasets, and demonstrated the
best performances at OPTkeV.
SECT showed significantly
higher CT numbers compared
with 64 and 69 keV, but
significantly lower CT numbers
in SECTcompared with 105, 120,
and 130 keV, and with OPTkeV
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obvious reasons related to radioprotection. More specifically,
SECT datasets for comparison were obtained by using DECT
spectra at 64, 69, and 88 keV, (simulated 120 kVp, 140 kVp,
and tin filtered 140-kVp SECT datasets, respectively), or by
scoring the unprocessed DECT images obtained at 140 kVp or
by using SECT 120-kVp averaged images from both tubes.
As previously demonstrated in a clinical setting, this work
confirms the superiority of monoenergetic reconstructions ex-
tracted from DECT data sets over SECT for metal artefact
reduction in post-mortem scans of individuals with orthopedic
hardware [27].
DECT has already been proposed as a useful technique for
increasing the interpretability of clinical examinations by re-
ducing metallic artefacts. In post-procedural imaging, an op-
timal display of bones, implants and bone–implant interfaces
is crucial for early detection of complications following me-
tallic device placements (for example, implant fracture, loos-
ening, faults, and infections) [14, 15, 36].
Bamberg compared the performance of DECT
monoenergetic images to extrapolated standard 120- and
140-kVp spectra and filtered 140-kVp spectrum in 31 patients
withmetallic implants of different types and vendors [30]. The
study proved that monoenergetic DECT reconstructions are
able to improve image quality by 49 % and can enhance the
diagnostic value by approximately 44 % [30]. Zhou et al. an-
alyzed 47 patients who underwent osteosynthesis implanta-
tion for fracture fixation with the goal of reducing metallic
artefacts by optimization of the photo-energy settings. They
recommended an overall setting of 130 keV [31]. Similarly,
Meinel et al. performed a study on a hip phantom and 22
patients with various metallic orthopedic implants to define
an optimized image acquisition protocol for reducing artefacts
[32]. They found that the optimal parameters for improving
image quality are: Sn 140/100 kVp with a current tube ratio
3:1, a collimation of 32×0.6 mm and extrapolated energies of
105 to 120 keV in all types of metal implants [32]. Moreover,
Guggenberger et al. in an ex-vivo study on phantoms com-
pared the performances of DECT monoenergetic reconstruc-
tions with equivalent standard SECT images in reducing me-
tallic artefact from posterior spinal fusion implants of various
vendors and spine levels [35]. Their study showed that DECT
improves image quality and reduces metallic artefacts com-
pared to SECT [35].
Furthermore, in forensics, particularly in traumatic cases of
death, it would be desirable to correctly visualize the same
structures to identify first the presence of fractures and sur-
rounding soft-tissue injuries and then to analyze the pattern of
these injuries, particularly of the fractures, which is fundamen-
tal for conducting forensic reconstruction of the dynamics of
the fatal event [7–10]. The reduction of metallic artefact from
orthopedic devices should improve the identification process
in the deceased, similar to that proposed by Stolzmann et al.
regarding artefacts from dental restorations [28]. Furthermore,
in cases of suspected orthopedic malpractice, the forensic pa-
thologist would benefit from information about the position of
an orthopedic implant and its relationship with the nearby soft
tissues and vessels for making forensic conclusions.
In the reported post-mortem study, and in line with clinical
findings, both qualitative and quantitative analyses showed
significant differences between extrapolated monoenergetic
DECT and SECT images, with a significant improvement in
the diagnostic assessment in monoenergetic DECT at higher
monoenergies.
The mean value of OPTkeVwas 137.6±4.9 with a range of
130–148KeV. This value was greater than that found in some
of the previous clinical studies on this issue, which investigat-
ed various orthopedic metallic implants [30–32]. In particular,
the OPTkeV value was 105 keV (range, 95–150 keV) for
Bumgerg [30], 113 keV (range, 100–130 keV) for Meinel
[32] and 130 keV for Zhou [31]. These discrepancies might
be explained by the differences in implant type (material com-
position and geometry) and body region, and by the limited
sample size.
In addition, although quantitatively the OPTkeV provided
the highest reduction of artefacts in all cases, no statistically
relevant differences in image quality were observed between
OPTkeV and 130 keV extrapolated images (p=0.317 for
both). This means that an OPTkeV in the range 130–
148 keV is able to provide images with quantitatively fewer
streak artefacts than monoenergetic reconstructions at
130 keV, but almost the same image quality can be obtained
at 130 keV and OPTkeV from 130 to 148 keV. Beyond this
threshold, it is assumed that the tissue contrast of bones and
the nearby tissues would be too impaired to provide high-
quality diagnostic images. Further studies in a larger cohort
with metallic devices of different composition and geometry
may enhance the standardization of OPTkeV settings. Thus,
we suggest the adjustment of the extrapolated photon energy
to obtain the optimal diagnostic quality for each individual
subject.
In addition, the results of this study prompt further
comments.
Monoenergetic images at 64 keV (simulated 120 kVp
SECT) were included in the evaluations of the present study
and compared with real standard 120-kVp SECT images.
Both the qualitative and quantitative analysis of artefacts gave
results that were significantly different between 120-kVp
SECT and simulated 120 kVp (i.e., monoenergetic DECT
images at 64 keV), with the former showing better perfor-
mance in terms of metal artefact reduction. This result sug-
gests some caution in considering the SECT images and the
corresponding simulated SECT obtained from DECT as
completely equal during studies on the performance of DECT
technologies. This is simply explained by the fact that a virtual
mono-energetic image at 64 keV is not the best way to simu-
late a true poly-energetic SECT 120-kVp image.
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This work has some limitations. First, as mentioned above,
there is a certain paucity and heterogeneity of skeletal seg-
ments and metallic devices analyzed. Differences in optimal
settings may vary depending on these factors. Our data were
obtained in ex vivo settings. However, post-mortem studies in
cadavers are the best way to simulate in vivo conditions. Nev-
ertheless, we agree with Guggenberger et al. [35] who as-
sumed that the origin of CT artefacts is largely hardware-
dependent and not related to the in vivo or ex vivo conditions.
Secondly, the impact of metal artefact reduction by DECT
techniques on the results of forensic investigation was not
investigated. We encountered too few cases with fractured
bones in proximity to the implant and no single case where
PMCTwas performed for identification purposes through the
comparison of ante- and post-mortem images of orthopedic
implants. The limited access to DECT technologies for foren-
sic purposes undoubtedly limits the impact of these results in
routine forensic practice.
In conclusion, this study demonstrates that, as well as in
clinical settings, monoenergetic DECT reconstructions can
effectively and significantly reduce metal artefacts due to met-
al orthopedic implants and improve image quality in PMCT
examinations. At the same clinically suitable radiation dose of
20 mGy, high monoenergetic levels ranging from 130 to
148 keV have been proved to provide a better image quality
with respect to the corresponding SECT examinations. The
improvements in image quality might be reflected in an added
diagnostic value in forensic investigations on trauma or ortho-
pedic malpractice cases.
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